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 Abstract- Photo-modulated reflectance (PMR) is a sensitive 

optical technique applied for monitoring implantation-induced 

damage in Si wafers. In this work, we demonstrate that PMR is 

suitable for the characterization of Si wafers annealed by both 

melting and non-melting laser annealing methods. The PMR 

signal shows a linear correlation with normalized laser energy 

density, with R² = 0.944 (melting) and R² = 0.957 (non-melting), 

which is consistent with four-point probe sheet resistance and 

thermal annealing relation. These results confirm that PMR 

provides a fast, non-destructive and non-contact metrology for 

evaluating annealed wafers, offering potential for precise inline 

process control. 

 

 Index Terms— as-implanted Si wafer, four-point probe, inline 

metrology, melting and non-melting laser annealing, photo-

modulated reflectance.  

I. INTRODUCTION 

 Photo-modulated reflectance (PMR) [1][2][3] is an optical 

technique that measures variations in the optical reflectivity 

of a material induced by modulated light excitation. PMR is 

a powerful method for analyzing the effects of ion 

implantation in silicon (Si) wafers, for as-implanted state 

before thermal annealing. PMR is highly sensitive to 

implantation-induced crystal damage, which is primarily 

influenced by implantation parameters such as ion species, 

dose, energy, tilt angle, and ion beam current [4][5]. 

 Ion implantation introduces defects [6] that reduce the 

electrical conductivity of the exposed region of the wafer. To 

restore and precisely control conductivity, thermal annealing 

is used to repair the crystal structure and activate the 

implanted dopants [6]. Since the annealing parameters 

control the degree of damage recovery, they are also in close 

connection with the PMR response. 

 In this work, we demonstrate that PMR is not only effective 

for characterizing as-implanted Si wafers, but also for 

samples post-annealed by laser beam exposure. Here we 

compare Si samples treated by melting and non-melting laser 

annealing processes with different laser energy densities in 

different areas of the wafers. Both melting and non-melting 

laser annealing can repair implantation-induced damage in 

Si wafers [7][8][9]. Melting annealing can heat the surface 

above the melting point for rapid recrystallization, while 

non-melting keeps the temperature below the melting point 

or prevents the sample from full melting due to lack of latent 

heat required for full melting of the heated zone at the 

melting temperature. 

 Besides PMR analysis, complementary four-point probe 

(4pp) measurements were also carried out in all regions of 

the wafers. Our results confirm that the PMR signal remains 

sensitive to residual crystal damage after laser annealing and 

it correlates with the electrically activated carrier 

concentration reflected in the sheet resistance [12]. A 

stronger correlation is observed in the non-melted sample, 

while in the melted one the correlation was weaker, 

highlighting differences in damage recovery and activation 

behavior between the two laser annealing modes. 

 Furthermore, PMR enables high-resolution monitoring of 

the ion implantation process uniformity on the lateral scale. 

These capabilities offer comprehensive approach to process 

optimization, characterization and quality control with a 

non-destructive and non-contact technique in semiconductor 

industry. 

II. MATERIAL AND METHODS 

 The principle of operation of the PMR technique is based 

on the illumination of the sample with two laser sources of 

different wavelengths: probe (980 nm) and pump (808 nm). 

The intensity of the pumping laser is modulated by a 2 kHz 

signal, thus generating excess charge carrier pulses and 

inducing localized heating periodically. These effects create 

a quasi-static change in the refractive index of the material. 

The probe laser, using lock-in technique [1][2][10][11], 

detects the relative reflectance change which is defined as 

the PMR signal value (i.e., ΔR/R × 106), 

 The photon energy of the pump laser surpasses the bandgap 

of the Si samples; thus, it generates hot carriers and heat 

which leads to change of optical properties. The approximate 

penetration depths of the pump and probe lasers are 10 μm 

and 100 μm, respectively, providing an optimal balance 

between excitation and detection depth while ensuring high 

signal-to-noise ratio without optical aberrations. 

 A single cycle of the PMR measurement was carried out at 

~400 sites on both investigated wafers. The radius of the 2 

overlapping pumping and probe laser spots is 1.5 µm at the 

wafer surface. Toshiba Electronic Devices and Storage 

Corporation (Japan) prepared two pieces of 12-inch Silicon 

wafers. The crystallographic orientation is [100], the 

thickness of the wafers is 775 μm, the resistivity is 8-12 Ωcm, 

and the impurity type is boron with a concentration of 1.1 −
1.66 ×  1015𝑐𝑚−3 . The wafers were implanted with 
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phosphorus ions at a dose of 5  1013𝑖𝑜𝑛𝑠/𝑐𝑚2 and energy 

of 300 keV. 

 The laser-annealing spot was rectangular with millimeter-

scale dimensions. The nominal wafer edge-exclusion is 2 

mm. Within the edge-exclusion zone, adjacent rectangles 

extend beyond each other; the nominal values were not 

precisely known by the sample manufacturer, as these 

parameters had not been previously measured or determined. 

Different regions of the wafer were treated with different 

laser power, and the schematic spatial distribution of the 

annealing laser energy is shown in Figure 1. We report 

normalized laser energy densities in Table 1. 

 In the melting annealing condition, a shorter-wavelength 

laser was used, causing stronger surface absorption and 

partial (or total) surface melting. In contrast, the non-melting 

condition employed a longer-wavelength laser, which 

penetrated deeper and heated the wafer below the melting 

temperature. Because of the difference in absorption depth, 

identical laser energy-density steps could not be applied, 

resulting in a larger intensity ratio between steps in the non-

melting case. 

 The 4pp measurements were performed on the same 

regions of the wafers, in 5 measurement points per region in 

5 cycles, to determine the sheet resistance. It provided the 

average resistance over a millimeter-scale contact spacing. 

Based on the 4pp results, correlation between the PMR 

signal and the electrically activated carrier concentrations 

could be established. In the graphical representation of the 

results (Fig. 3 and Fig. 4), the PMR signals recorded from 

the non-annealed regions are excluded to enhance the 

visibility of small changes. Measurements were taken at the 

locations indicated in the figures by dots, and the results are 

presented using pseudo colors after surface fitting, on a scale 

ranging from blue (negative values) to red (positive values). 

 To benchmark PMR sensitivity versus implantation dose, 

we also measured a general “dose ladder” on implanted Si: 

P⁺ ion, 50 keV, room temperature, no channeling; The crystal 

orientation is [100], thickness of the wafers is 725 μm, the 

resistivity is 15-25 Ωcm and the impurity type is boron. In 

Fig. 2, the PMR signal increases monotonically with dose 

over 5 orders of magnitude, even above the amorphization 

threshold.  

III.RESULTS AND DISCUSSION 

 Our findings, depicted in Fig. 3. and 4. show the impact of 

the annealing conditions and their correlation with annealing 

induced crystal damage recovery. Note, the typical PMR 

Number of 

regions 

Relative laser 

energy densities of 

melting case 

Relative laser energy 

densities of non-

melting case 

1 0.600 0.886 

2 0.650 0.900 

3 0.700 0.914 

4 0.750 0.929 

5 0.800 0.943 

6 0.850 0.957 

7 0.900 0.971 

8 0.950 0.986 

9 1.000 1.000 

10 0.000 0.000 

Table 1.: Relative laser energy densities for melting and non-

melting annealing cases. 
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Figure 1.: Energy density distribution of the laser annealing in the 

10 regions of the Si wafer. The 10th region was not annealed. 

Figure 3.: PMR signal results of the melting laser annealed Si 

wafer. The open circles represent the locations of the PMR . 

measurements. 

Figure 2.: PMR signal as a function of implantation P⁺ dose., 50 

keV, room temperature, non-channeling and non-annealed. 
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signal value in the as-implanted zone is 4000 due to the high 

amount of damage left behind by the 300 keV P+ ions during 

the implantation process.  

 Fig. 3 shows the PMR measurement results for melting 

laser annealing. These conditions produced less 

homogeneous PMR signals across different annealed regions 

compared to the non-melting laser annealing conditions in 

Fig. 4. 

 Also, the results show that as the laser energy density 

increases from the low level to high level, the PMR signals 

monotonously decrease for both melting and non-melting 

cases. Both results show that the PMR signal changes sign at 

a certain laser annealing energy density level. Since the PMR 

signal is proportional to the relative change of the reflection 

coefficient, this negative sign means that the reflection 

coefficient of the material decreases under the influence of 

the generating laser. This trend is characteristic of the 

(restored) crystalline Si. 

 This behavior can be explained by two opposing processes 

determining the PMR signal. The temperature increase, due 

to the heat induced by the generation laser, increases the 

reflection coefficient (thermo-optical effect), while the 

increased concentration of excited charge carriers decreases 

it (electro-optical effect). As annealing-induced damage 

recovery and recrystallization eliminates structural defects in 

the laser annealed region, the concentration and lifetime of 

the generated charge carriers change. In regions of effective 

damage recovery, the electro-optical effect may dominate 

the PMR signal. This relationship is expressed in Equation 

1: 

𝑆𝑖𝑔𝑛𝑎𝑙𝑃𝑀𝑅 ≈ |
4

1−𝑛2| [𝛿𝛥𝑇 −
 |𝛽|𝛥𝑁

𝑚𝑒
−

|𝛽|𝛥𝑃

𝑚ℎ
] (1)   

where, n is the refractive index, δ is thermo-optic coefficient 

and β is the electro-optic coefficient. ΔN and ΔP represent 

the excess electron and hole concentrations generated by the 

pump laser, and me and mh are the effective masses of the 

electron and hole. ΔT is the temperature change [3]. This 

equation shows only the first order approximation of the 

signal. Consequently, in a less damaged region, with less 

structural defect centers for carrier recombination, the excess 

carrier concentration increases, while the temperature rises 

(partly due to recombination-induced energy transfer to the 

lattice through structural defects) decreases, resulting in a 

more negative PMR signal value. 

  

 Figure 5. presents the average results of 5-point PMR 

measurements as a function of the laser energy densities. 

Above a certain annealing energy density, the crystal 

damage recovery saturates, leading to a final stable state. 

This saturation was observed in the melting case on the right 

side of the wafer in the last 2 regions. A linear relationship 

can be observed between the PMR signal and the laser 

annealing energy density, with R² values of 0.95 and 0.96 for 

the melting and non-melting conditions, respectively. For 

the melting case, the PMR signals were fitted from the 1st to 

the 7th region.  

Figure 4.: PMR signal results of the non-melting laser annealed Si 

wafer. The open circles represent the locations of the PMR 

measurement 

Figure 5.: Average PMR signal as a function of relative laser 

energy density with linear fits. Blue dots: melting annealed wafer. 

Orange squares: non-melting annealed wafer. The error bars 

represent the weighted deviations of the measurements, although 

they are insignificant compared to data symbols and thus hardly 

visible. 

Figure 6.: Average sheet resistance as a function of relative laser energy 

density with linear fits. Blue dots: melting annealed wafer. Orange 

squares: non-melting annealed wafer. The error bars represent the 

weighted deviations of the measurements, although they are 

insignificant compared to data symbols and thus hardly visible. 
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 A similar trend was confirmed by our 4pp measurements, 

see Fig. 6., which revealed that the sheet resistance 

decreased with energy density and reached a stable 

minimum in the last two melting sample regions. The R² 

values of the fit are 0.923 in melting and 0.964 in non-

melting conditions. 

 This demonstrates that both the PMR signal and sheet 

resistance track the same physical processes: the activation 

of implanted dopant concentrations and the recovery of 

crystal lattice damage, which together determine the 

conductivity of the activated layer [15]. Although an 

analytical expression for PMR versus conductivity is not yet 

available, our experiments demonstrate that the PMR signal 

depends strongly on crystal damage, either implantation-

induced or residual after annealing.  

 In the as-implanted state, the sheet resistance of Si 

increases with crystal damage compared to bare Si. Since the 

damage effect increases the number of defects, the resistance 

is not measurable by 4pp, whereas PMR remains sensitive. 

As annealing progresses the damage decreases, reducing 

both the resistance and the PMR signal. Once sufficient 

recrystallization and dopant activation occurs, the 4pp 

becomes sensitive again and measures a sheet resistance 

characteristic for the electrically activated layer. For the non-

melting sample regime, the PMR signal-sheet resistance 

correlation was excellent (R² = 0.957), while for the melting 

regime, it was weaker (R² = 0.779), see Fig. 7. The slope and 

intercept for the melting case are sm= 4.08 PMR unit /Ω/sq 

and Im = −1792.5 PMR unit, while for the non-melting case 

they are snm = 3.69 PMR unit /Ω/sq and Inm = −1744.8 PMR 

unit. Here, the PMR unit corresponds to the dimensionless 

quantity ΔR/R × 106. The different slopes reflect the distinct 

activation states (built-in impurity concentrations) and 

defect-recovery profiles for the two annealing conditions. 

 The PMR signal for the unimplanted, unannealed reference 

wafer was −889, representing the characteristic negative sign 

for single crystalline Si. Upon recrystallization, the PMR 

signal for the annealed samples also shows a negative sign.  

 However, it does not reach the value of the reference and, 

consequently, the sheet resistance of the activated shallow 

layer is also higher. The sheet resistance of the reference 

sample is based on the resistivity and thickness of the bulk: 

Rs ~ 10 Ωcm / 775 μm = 129 Ω/sq. Because of the thinner 

activated layer (few 100 nm range) [14] and the p-n 

depletion region, for the highest laser annealing energy 

densities in Fig. 6, the sheet resistance shows higher values 

at about 400 Ω/sq. 

 Interestingly, in the non-melting case the error bars are 

noticeably larger, reflecting higher local variability; 

nevertheless, the overall trend is more consistent. In contrast, 

the melting data show smaller scatters, yet the correlation is 

weaker. One possible explanation is that melting annealing 

creates a very shallow, highly doped surface layer with 

increased density of surface states. These defects enhance 

the surface recombination velocity, which strongly affects 

the optically generated carriers detected by PMR [13]. 

 Additionally, examination was carried out in the edge-

exclusion zone for both wafers. In this zone the PMR 

measurements could perfectly reveal the stair arrangement  

of the annealing treatments, see Fig, 8. and Fig. 9. The PMR 

mapping clearly demonstrates the extent of the overhangs of 

annealing laser spot. Confirming its capability to visualize 

even such small process-related geometrical variations. 

Based on the PMR data, the actual overhang dimensions 

were estimated to be 1.6 mm × 0.6 mm for the melting case, 

and 2.0 mm × 0.6 mm for the non-melting case. This 

observation points out the PMR metrology may serve as 

useful inline tool for verifying the annealing system 

alignment and for checking the programmed pattern 

accuracy. Furthermore, the effective edge-exclusion was 

found to be approximately 2.3 mm, based on the coordinates 

of the sharp corner and the wafer’s circular geometry.  

 Note, PMR has a great advantage compared to the four-

point probe resistance measurements as the latter have an 

edge-exclusion of approximately 5 mm and a resolution of a 

few millimeters. In contrast, the PMR laser spot radius is 

~1.5 µm that allows a spatial resolution down to 10 µm that 

Figure 8.: PMR signal results in the edge zone in the 6th region of 

the-melting annealed wafer.  

The scale bar is 1 mm 

Figure 9.: PMR signal results in the edge zone in the 6th region of 

the non-melting annealed wafer. 

The scale bar is 1.17 mm. 

Figure 7.: Average PMR signal as a function of sheet resistance 

with linear fits. Blue dots: melting annealed wafer. Orange squares: 

non-melting annealed wafer. The error bars represent the weighted 

deviations of the measurements, although they are insignificant 

compared to data symbols and thus hardly visible. 
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is much smaller than the annealing laser spots. The wafer 

edge-exclusion is <1 mm. This way, a high-resolution 

mapping of the result of annealing becomes possible. 

IV. CONCLUSION 

 In this work, it was presented that PMR, as a non-contact, 

non-destructive process characterization tool can be applied 

for monitoring of melting and non-melting laser annealing 

effects in ion implanted Si with good sensitivity for the laser 

annealing energy density and with excellent lateral 

resolution, and small edge-exclusion.  

 In addition to mapping annealing assisted recovery of 

implantation-induced crystal damage, we established a 

direct correlation between PMR signals and four-point probe 

(4pp) sheet resistance measurements. A strong linear 

relationship was found in the non-melting laser annealing 

regime, confirming that PMR can reliably track changes 

related to electrically activated dopant concentration. 
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